[1] The Campi Flegrei (CF) Caldera experiences dramatic ground deformations unsurpassed anywhere in the world. The source responsible for this phenomenon is still debated. With the aim of exploring the structure of the caldera as well as the role of hydrothermal fluids on velocity changes, a multidisciplinary approach dealing with three-dimensional delay time tomography and rock physics characterization has been followed. Selected seismic data were modeled by using a tomographic method based on an accurate finite difference travel time computation which simultaneously inverts P wave and S wave first-arrival times for both velocity model parameters and hypocenter locations. The retrieved P wave and S wave velocity images as well as the deduced V p /V s images were interpreted by using experimental measurements of rock physical properties on CF samples to take into account steam/water phase transition mechanisms affecting P wave and S wave velocities. Also, modeling of petrophysical properties for site-relevant rocks constrains the role of overpressured fluids on velocity. A flat and low V p /V s anomaly lies at 4 km depth under the city of Pozzuoli. Earthquakes are located at the top of this anomaly. This anomaly implies the presence of fractured overpressured gas-bearing formations and excludes the presence of melted rocks. At shallow depth, a high V p /V s anomaly located at 1 km suggests the presence of rocks containing fluids in the liquid phase. Finally, maps of the V p *V s product show a high V p *V s horseshoe-shaped anomaly located at 2 km depth. It is consistent with gravity data and well data and might constitute the on-land remainder of the caldera rim, detected below sea level by tomography using active source seismic data.
Introduction
[2] The CF Caldera, located to the west of the city of Naples, is one of the active volcanic systems of Southern Italy. Several eruptions have occurred during historical times characterizing the structure of this caldera by sparse volcanic craters. However, two explosive events have mainly affected its volcanic structure: the Campanian Ignimbrite and the Neapolitan Yellow tuff eruption [Scandone et al., 1991] .
[3] As with many calderas, CF periodically experiences notable unrest episodes which include ground deformations, seismic swarms and increases in the degassing activity [Barberi et al., 1984] . However, unlike other calderas, ground deformations in CF may reach values unsurpassed anywhere in the world [Newhall and Dzurisin, 1988] . On the basis of historical records, the uplift phase may precede a new eruptive event as occurred in 1538 when a vertical displacement of 7 m preceded the eruption of Mount Nuovo [Dvorak and Gasparini, 1991] . Nevertheless, short uplift phases may also interrupt the secular subsidence as occurred in 1970 -1972, 1982 -1984, 1989, 1994 and, 2000 without culminating in an eruption. The crisis in 1982 -1984 was particularly dramatic when an impending eruption was feared as more than 15,000 shallow earthquakes having maximum magnitude of 4.0 occurred and uplift rates of 3 mm/d were observed [Aster and Meyer, 1988] which brought a total vertical displacement of 1.8 m [Barberi et al., 1984; Osservatorio Vesuviano, 1985] . By January 1985, seismic activity strongly dropped and slow subsidence began. To date, about 70 cm of the 1982 -1984 total uplift has been removed by subsidence.
[4] Mechanisms accounting for these phenomena have generally involved pressure generation exerted either from a magma chamber [Bianchi et al., 1987; Dzurisin and Yamashita, 1987; Bonafede et al., 1986] or from hydrothermal reservoirs [Oliveri del Castillo and Quagliariello, 1969; Casertano et al., 1976; Bonafede, 1991; De Natale et al., 1991; Gaeta et al., 1998 ]. Nevertheless, modeling of ground deformation data shows that any of the possible sources responsible for the recurrent uplift and subsidence has to be placed between 1.5 to 4 km depth, in order to fit both the magnitude and the narrow bell shape of the recorded displacement [Bianchi et al., 1987; Bonafede, 1991; De Natale et al., 1991; Gaeta et al., 1998 ].
[5] The presence of a magmatic reservoir underneath the CF Caldera has been proposed as a possible interpretation of both P-S converted phases at 4 km depth [Ferrucci et al., 1992] and temperature data inferred by Q p models [De Lorenzo et al., 2001] . However, no evidence for magma bodies having volumes larger than 1 km 3 has been found down to 4 -5 km by the recent three-dimensional (3-D) P wave tomography performed in the Gulf of Naples and Pozzuoli . Furthermore, no variation of isotopic ratios of magma-derived species has been found in fumaroles during the 1982 -1984 unrest that could serve as evidence for the magmatic origin of the crisis [Tedesco et al., 1990; Allard et al., 1991] .
[6] The possibility that hydrothermal fluids play a fundamental role in triggering activity at CF often attracts attention because a correlation between ground displacement and gas emission rate has been found [Barberi et al., 1984; Chiodini et al., 2003] . Nevertheless, signatures indicating caprock formations, which are required to build up pore fluid pressure within reservoirs, have not yet been detected. Under the hypothesis of pore fluid pressure generation, the assessment of caprock formations constitutes evidence constraining the depth of the triggering source. Thus many questions still remain unresolved and mechanisms responsible for the CF activity not well constrained.
[7] Local earthquake tomography constitutes a basic tool to assess the 3-D velocity structure in seismically active areas [Thurber, 1992] . In order to investigate the structure of the caldera, its earthquake distribution, and the role of hydrothermal fluids, a multidisciplinary study involving 3-D delay time tomography of P and S microearthquake travel times and rock physics characterization is presented in this paper.
[8] In the CF area, a previous joint tomographic and earthquake location study using microearthquake travel times was performed by Aster and Meyer [1988] , who used 228 events occurring during the 1982 -1984 crisis. They reported both a high V p /V s ratio at 1 km depth that was interpreted as a region of highly water saturated fractured rocks and a cessation of seismicity at approximately 4 km.
[9] In the new seismic tomographic study reported in this paper, we repicked and upgraded the 1982-1984 data set by largely increasing the number of P wave and S wave time readings compared to the previous study [Aster and Meyer, 1988] . The assessment of a reliable S wave velocity structure is crucial, especially in a geothermal field, to overcome ambiguities deriving from the interpretation of the P wave velocity field alone. To improve the interpretation of the retrieved anomalies, we also investigated the role of hydrothermal fluids on P wave and S wave velocities via effective medium modeling. Both laboratory measurements on site-relevant lithologies under controlled conditions of pressure [Vanorio et al., 2002; Vanorio, 2003 ] and the comparison with those made on other lithologies under pressure and temperature conditions [Ito et al., 1979; Wang and Nur, 1989] constrained the modeling results.
[10] The combined approach afforded in this study brings new clues useful to assessing the CF Caldera structure and, in turn, its activity.
Network and Data Selection
[11] To monitor the seismic activity accompanying the 1982-1984 crisis, the University of Wisconsin began a field experiment deploying a temporary network consisting of 21 three-component digital short-period seismometers (WS). This network complemented those maintained by the Vesuvian Observatory (VO) and Agip (Azienda Generale Italiana Petroli, AG) consisting of 25 analog vertical seismic stations (Figure 1 ). Data were recorded at 100-or 200-Hz sampling rates and 1-Hz geophones were used [Aster and Meyer, 1988] . More than 15,000 events were recorded by the seismic monitoring network. Events were clustered in time, mainly concentrated in the Pozzuoli-Solfatara area and had maximum duration magnitudes M d 4 [De Natale and Zollo, 1986] .
[12] In the frame of the so-called SERAPIS project, most of the waveforms recorded by the digital network were recovered and picked by the different participating groups. However, an analysis of the manually picked times showed that a more homogeneous repicking was required for a detailed seismic imaging. Consequently, we repicked the whole SERAPIS database. Furthermore, we added the data collected by the permanent network. This work has significantly augmented the data set used in Aster and Meyer's [1988] study.
[13] We used a subdata set consisting of 1209 microearthquakes occurring from 1 January through 15 April 1984 which provided 7264 P and 3121 S arrival time readings. Arrival times measured from digitized seismograms were estimated to be accurate in the range of 0.02-0.05 s for P and 0.02 -0.1 s for S waves. A preliminary hypocenter location was determined by using the 1-D P velocity model resulting from the active seismic experiment performed in the Bay of Pozzuoli . From the initial data set, we selected earthquakes that had at least 6 P and 4 S phases read, azimuthal gaps smaller than 180°, and RMS time residuals smaller than 0.5 s. This selection provided a database consisting of 462 events with a final number of P and S readings of 3447 and 2289, respectively.
Tomographic Inversion Procedure
[14] We used a linearized, iterative tomographic approach as proposed by many authors [e.g., Spakman and Nolet, 1988; Aster and Meyer, 1988; Hole et al., 2000; Benz et al., 1996 and S first arrival times are simultaneously inverted for both earthquake locations and velocity model parameters at each step of the inversion procedure. The importance of coupling earthquake hypocenter parameters (locations and origin time) on the one hand and velocities on the other has been discussed by Thurber [1992] , who emphasized that all required parameters should be mutually consistent to avoid significant bias in the derived models.
[15] The distribution of stations/events allowed us to investigate a model volume of 14 Â 14 Â 7 km 3 with the top at 0.5 km above sea level. Assessing the most suitable model parametrization in seismic tomography is an important task since it controls the final solution as well as its reliability. By using synthetic data, different grid spacings were tested to check for the most appropriate model parametrization and to avoid the introduction of artifacts and false anomalies. For the same purpose, model results obtained by shifting the grid were also tested. Trial tests demonstrated that a uniform grid spacing at the size of 0.5 Â 0.5 Â 0.5 km 3 allow us to fairly well delineate the main retrieved anomalies, and so it represents the best compromise among model parameterization, spatial resolution, and a reliable representation of the velocity field.
[16] First arrival travel times of wave fronts are computed through a finite difference solution of the eikonal equation [Podvin and Lecomte, 1991] in a finer grid of 0.1 Â 0.1 Â 0.1 km 3 . The latter consists of constant slowness cells computed by trilinear interpolation from the inversion grid. For each event-receiver pair, travel times are recalculated by numerical integration of the slowness field along the previously traced rays. Latorre et al. [2004] demonstrated that travel times computed in this way are more precise than those computed by wave front construction and thus they are less sensitive to the grid spacing used for the forward problem. Travel time partial derivatives are simultaneously computed for P wave and S wave slowness fields, hypocenter location, and origin time. These parameters are inverted simultaneously without any parameter separation technique [Pavlis and Booker, 1980; Spencer and Gubbins, 1980] by using the LSQR algorithm [Paige and Saunders, 1982] . As described by Benz et al. [1996] , smoothness constraint equations based on second derivatives are used to control the degree of model roughness (i.e., the degree of variation in slowness) allowed during the inversion procedure by the requirement that the Laplacian of the slowness field must vanish [Menke, 1984] .
The 1-D Model Selection
[17] Inherently, in a linearized tomographic approach, velocity perturbations cannot move too far from the unperturbed model. As a consequence, the final solution will depend strongly on the a priori choice of the 1-D reference model [Kissling et al., 1994] . As a first approach, we used the 1-D P wave velocity model resulting from the tomographic inversion of 77,000 first P wave arrival times collected during the active seismic experiment performed in the CF Caldera ]. The initial S velocity model was derived from the P velocity model using a V p /V s ratio of 1.7 estimated from Wadati diagrams [Lay and Wallace, 1995] . However, we verified the agreement between the initial 1-D velocity model and earthquake data because of both the inherent difference in the geometry of the passive and active experiments and the elapsed time between the acquisition of the two data sets ($20 years). The latter is a significant factor due to the changes occurring in geothermal systems.
[18] A statistical study of the final 3-D solution was inferred from 400 initial 1-D models, randomly generated within two extreme 1-D velocity bounds ( 
Tomographic Inversion Result
4.1. Three-Dimensional P and S Velocity Models and Earthquake Locations [20] P wave and S wave velocity structures and earthquake locations are shown in Figures 4a and 4b. Cells not sampled by any ray are shown in gray. Down to 4 km depth, both the V p /V s images show (1) a low-velocity anomaly within the inner part which ranges from 1.7 to 3.8 km/s for P wave velocity and from 1.0 to 2.5 km/s for S wave velocity and (2) a surrounding annular high-velocity anomaly (!4.8 km/s for P wave velocity and !2.8 km/s for S wave velocity). Beyond 4 km depth, the inner low-velocity anomaly still appears in the V p structure, while it is less evident in the V s field. In order to determine possible lithological variations at depth or zones with different porosities and/or crack densities, maps showing the V p *V s products were deduced from the retrieved P wave and S wave velocity images. Both lithology and porosity affect P wave and S wave velocities while fluid saturation only affects P wave velocity. Therefore V p *V s mapping allows us to highlight anomalies that are caused by either lithology or porosity and at the same time to minimize those related to fluid saturation. The V p *V s image shown in Figure 4c , highlights a horseshoe-shaped high V p *V s anomaly at 2 km depth. Zollo et al. [2003] have reported a fairly good match between the arc shaped high P wave velocity anomaly inferred from active source 3-D seismic tomography and the positive annular gravity anomaly characterizing the CF Caldera [Capuano and Achauer, 2003] . Zollo et al. [2003] correlated the high P velocity anomaly detected in the Bay of Pozzuoli to the buried caldera rim. The high V p *V s anomaly reported in this study is consistent with the onshore positive gravity anomaly inferred by Capuano and Achauer [2003] and might constitute the remaining part of the caldera rim detected below sea level by active source tomography .
[21] Figures 5a and 5b show P wave and S wave velocity vertical cross sections along the E-W and N-S directions shown in Figure 1 . Along both directions, a high-velocity structure having a concave shape characterizes the deeper part of the caldera. On the other hand, at shallower depths, lower velocities mark its inner portion. Earthquakes mostly cluster in the inner part of the velocity structure defining a narrow easterly trend (northeasterly on map views) which extends from near the surface (ACC, Accademia, and W12, Solfatara A) to $4.0 km depth. At greater depths, earthquakes are distributed along the borders of the high-velocity structure (Figures 4a and 4b ).
Velocity Model Resolution
[22] To verify the spatial resolution of the inferred 3-D models, synthetic tests on a global scale (e.g., standard checkerboard tests) as well as on a local scale (e.g., spike tests) were performed. A sinusoidal function having a wavelength of 1 km in all directions (x, y, and z) and an amplitude of ±0.1 km/s for P velocity and of ±0.15 km/s for S velocity was added to the final tomographic models. By VANORIO ET AL.: THREE-DIMENSIONAL TOMOGRAPHY AT CAMPI FLEGREI fixing earthquake locations, the computed travel times were inverted for P wave and S wave velocity parameters.
[23] Test results show (Figures 6a and 6b ) that anomalies having wavelengths of 1 km are fairly well reproduced in the whole area down to 6 km depth while, due to the ray path geometry, poorer resolution is found in the bay.
[24] We also checked the resolution of our final models in specific areas by performing several spike resolution tests which represent a numerical way for estimating the resolution matrix. The area of interest is located between the Accademia (ACC station) and Solfatara areas (W02 and W12 stations) and the resolution of a spike anomaly placed at 4 km depth was analyzed. Tests were carried out by adding both positive and negative anomalies to the final P wave and S wave models. The inversion of the computed travel times for model parameters was made by following the same procedure as for the checkerboard tests. Figures 7a  and 7b show a map view of the recovered P wave and S wave velocity anomalies as well as their variation as a function of depth both for positive (Figure 7a ) and negative anomalies (Figure 7b) . Results of spike tests demonstrate that size and amplitude of both positive and negative anomalies placed at 4 km depth can be fairly well resolved in this region.
Velocity Model Uncertainty
[25] As described in previous sections, many factors affect the final result of a tomographic inversion proce- VANORIO ET AL.: THREE-DIMENSIONAL TOMOGRAPHY AT CAMPI FLEGREI dure such as the coupling between the earthquake hypocenters and the velocity parameters [Thurber, 1992] , the initial 1-D velocity model [Kissling et al., 1994] , as well as the size of the grid used for data inversion and the regularization technique. Similarly, the source-station geometry which in turn affects ray path distribution is a critical factor in resolving velocity structure. In order to estimate if our distribution of earthquake hypocenters and [26] In general, the best model explaining the observed data set (t i obs ) is described by a finite number of model parameters (Q) whose calculated travel times (t i cal ) differ from t i obs by means of time residuals (x i ). Therefore the distribution of time residuals represents a way to estimate the closeness of the observed data distribution to that of true data. However, since the true data distribution is unknown, there is not an objective way to estimate that closeness and hence to be confident in the final model solution. Aoike et al. [1998] showed that searching for the most consistent distribution of travel time residuals by bootstrap statistics can be a possible approach to assess the most representative distribution of model parameters and so to evaluate uncertainties in the final best fit velocity model.
[27] We applied a bootstrap statistics approach by generating artificial data sets (e.g., the bootstrap samples) Figure 7 . Map views and vertical profiles describing the results of the spike tests for a velocity anomaly located at 4 km depth between the Solfatara and the Accademia areas. Both the results for (a) a positive anomaly and (b) a negative velocity anomaly as well as the comparison between recovered anomalies (dark dashed lines) and initial spike models are shown.
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VANORIO ET AL.: THREE-DIMENSIONAL TOMOGRAPHY AT CAMPI FLEGREI from the distribution of the final model parameters G(x i ; Q) which were constituted by as many new time data (t i *) as the number of observed data. Each bootstrap sample was generated by adding randomly selected residuals x i to the kth calculated travel time t k cal . By inverting each bootstrap sample, new model parameters (*Q) were obtained. The generation of bootstrap samples and the inversion procedure was repeated 1000 times. Both the mean velocity of structures (x) and the normalized standard deviation (s NÀ1 /x) was computed for P wave and S wave velocity models (Figures 8a and 8b) . Note that very low uncertainties (s NÀ1 /x $ 0) which would imply no perturbation in the initial model, were masked out because they are meaningless. Because of computational limitations we have not performed the complete investigation suggested by Aoike et al. [1998] , who calculated the Extended Information Criterion (EIC) at each iteration step of the inversion procedure. However, we found that increasing the number of bootstrapped data does not affect the estimation and that the ''best'' recovered model falls into the confidence interval of the bootstrapped population. Therefore we believe that we obtained a statistical estimation of the P wave and S wave velocity uncertainties related to each inversion cell.
[28] Figures 8a and 8b show that we found similar normalized uncertainties for both P wave and S wave velocities models. This is consistent with the similar distribution of P time and S time residuals since our ray sampling is similar in both cases. This analysis makes us confident that we recovered a realistic P wave and S wave velocity distribution underneath the CF Caldera.
Discussion

Modeling of Rock Physics Parameters Affecting Seismic Velocities
[29] Many rock physics parameters contribute to changes in seismic velocities of rocks in addition to mineralogy, porosity, and in situ stress conditions such as pore fluid properties, which in turn depend on temperature and pressure [Birch, 1960; Spencer and Nur, 1976; O'Connel and Budiansky, 1974; Toksoz et al., 1976; Ito et al., 1979; Christensen, 1985; Wang and Nur, 1989; Sanders et al., 1995; Dvorkin et al., 1999b] . It is well known that the content and physical state of fluids affect more strongly P wave velocities than S wave velocities. It turns out that the V p /V s ratio proves useful in discriminating zones saturated with fluids, which in turn also provides insight into their physical state.
[30] Since hydrothermal fluids might play a fundamental role in triggering unrest at CF [Oliveri del Castillo and Quagliariello, 1969; Casertano et al., 1976; Chiodini et al., 2003] , mechanisms caused by changes in temperature and pressure of fluids have been investigated to constrain the interpretation of V p /V s anomalies.
[31] In dry rocks, temperature effects on velocities are smaller than in fluid-saturated rocks. In dry conditions, the decrease in velocities is believed to be due to the softening of the rock matrix and to the increase in porosity which results from the different thermal expansion of minerals [Kern, 1982; Wang and Nur, 1986] . However, in dry rocks, temperature effects are not so effective until partial melting is reached, which leads V s to decrease more strongly than V p [Sanders et al., 1995; Mavko, 1980; Mizutani and Kanamori, 1964] . This means that increasing temperature mainly decreases the shear modulus of the rock. Wang [1988] has explained this phenomenon by a ''lubrification'' effect: as temperature increases, the rock matrix softens and expands, which makes sliding along grain contacts easier. These effects drive V p /V s to increase as temperature increases and, more specifically, to increase to infinity upon melting [Mizutani and Kanamori, 1964] . On the other hand, in fluid-saturated rocks, the effect of temperature on pore fluid properties alone enhances the temperature dependence of P wave velocity because of changes in fluid compressibility, which are induced by fluid phase transition [Wang and Nur, 1989; Ito et al., 1979] . Since such a transition does not affect the shear modulus, and hence S wave velocities (i.e., slight S wave velocity changes occur because of a density effect), low V p /V s ratios characterize gas-bearing rocks (i.e., high fluid compressibility), while higher values of V p /V s indicate liquid-bearing formations (i.e., low fluid compressibility). Furthermore, pore fluid pressure may also play a role by inducing a fluid phase transition as well as in keeping pores and cracks open. As a consequence, velocities are further affected. Dvorkin et al. [1999b] have shown by laboratory measurements and effective medium modeling that crack opening induced by increasing pore pressure leads V p /V s to strongly decrease in gas-bearing rocks.
[32] The variation of P wave and S wave velocities as a function of pore fluid temperature and pressure has been reported for sandstones and granites under relatively low parts of the temperature and pressure range [Wang and Nur, 1989; Ito et al., 1979] . Therefore, for site-relevant rocks (i.e., consolidated tuffites), we theoretically reproduced the effect of higher temperatures and pressures on V p /V s via modeling as proposed by Dvorkin and Nur [1996] . Since our intention was to model sediments with a nonzero stiffness of the dry matrix, we used the upper HashinShtrikman bound to appropriately model the elastic moduli. Once the moduli and density of the dry matrix are computed (see Dvorkin and Nur [1996] and Dvorkin et al. [1999a] for details), the computation in the low-frequency domain (i.e., fluid and solid motions are in phase) of the bulk and shear moduli of the saturated sediment come from Gassmann's equation [Gassmann, 1951] . In the reported modeling, pore fluid is described by a mixture of water and carbon dioxide (20% of carbon dioxide and 80% of water) whose bulk modulus and density were computed [Batzle and Wang, 1992] for a constant temperature of 350°C and by only varying pressure conditions.
[33] Figure 9a shows the result of modeling where the variation of V p /V s as a function of P fluid pressure is shown for a tuffite having porosity (F) equal to 20%. Lithostatic pressure was kept constant at 70 MPa ($4 km depth) and variations of effective pressure (i.e., P lithostatic À P fluid pressure ) was simulated by varying P fluid pressure from 5 to 45 MPa. Figure 9a shows that for a given rock porosity (F = 20%, solid black line in Figure 9a ), the increase of pore fluid pressure leads to a decrease in pore fluid compressibility (i.e., vapor-liquid transition is simulated) and, as a consequence, the V p /V s ratio increases. Note that for concentrations of CO 2 equal to 20% the binary system H 2 O-CO 2 shows a critical point at a temperature of 325°C and pressure of 40 MPa [Takenouchi and Kennedy, 1964] . Now, let us assume that increasing pore fluid pressure leads porosity to increase (i.e., crack opening). As an example, Figure 9a also shows the expected variation in V p /V s in the case where an increase of pore fluid pressure leads the bulk rock porosity to increase by 5% (F = 25%, dashed black line in Figure 9a ). The line connecting rock models having different porosity describes the result of computation by slightly increasing porosity by steps of 1%. Figure 9a shows that in gas-bearing rocks, crack opening leads the V p /V s ratio to decrease as a function of pore pressure. Our modeling results are in accordance with those from laboratory experiments [Ito et al., 1979] and effective medium modeling [Dvorkin et al., 1999b] , and hence they are not However, our results demonstrate that trends are similar at higher pressure and temperature conditions. Our estimates also provide the order of magnitude of V p /V s ratios for site-relevant rocks in fully saturated conditions. As input elastic parameters of the rock matrix, we used the mineralogical composition of CF lithologies reported by Rosi and Sbrana [1987] . Then, we computed the elastic moduli of the aggregate solid phase from those of the individual mineral constituents by using Hill's formula [Hill, 1952] . Furthermore, the availability of laboratory measurements on CF samples [Vanorio et al., 2002; Vanorio, 2003 ] allowed us to further check the validity of input elastic parameters and hence of the modeling results. Figure 9b shows the variation of V p /V s as a function of porosity by modeling CF lithologies both in water and steam (T = 100°C) saturated conditions and simulating ambient pressure conditions (P effective = 0). Figure 9b shows the comparison between the results of modeling and laboratory measurements done on CF samples and well core plugs under dry and ambient pressure conditions [Vanorio et al., 2002; Vanorio, 2003] . Laboratory data fall within the two bounds making us confident in the input elastic parameters used for the modeling. Figures 10a and 10b show the deduced V p /V s vertical cross sections along the E-W and N-S directions (Figure 4c ). The V p /V s images mainly show a centered high V p /V s anomaly located at $1.5 km depth (also noted by Aster and Meyer [1988] ) surrounded by a low V p /V s anomaly which shows a flat feature at 4 km depth beneath the city of Pozzuoli.
Deduced
[35] In order to compare the retrieved anomalies both in space and depth, we display the vertical velocity profiles extracted from the final 3-D velocity model, for several sites (Figure 11a ). Figure 11b describes the variations of V p , V s , V p /V s and earthquake distribution as functions of depth. Several P wave and S wave velocity profiles indicate reversal trends (e.g., velocity values decrease with depth) which weaken moving radially away from the center of the caldera (the city of Pozzuoli and Solfatara zone) toward more external sites (Agnano, Arco Felice, Montagna Spaccata-Quarto).
[36] In general, velocity logs going through reversals mark departures of the effective stress from normal compaction trends [Hottmann and Johnson, 1965; Pilkington, 1988; Bowers, 2002] . Overpressure, which can be caused by fluid expansion among other factors, is thought to cause reversals both in P wave and S wave velocity logs as it prevents the effective stress from increasing as fast as it would under normal hydrostatic or lithostatic pressure conditions. The point indicating the departure of the compaction-dependent physical property (velocity in this case) from its normal trend marks the onset of overpressure [Bowers, 2002] and in turn the bottom of the caprock formations. In Figure 11b , the acoustic velocity log of the San Vito well (black line) [Agip, 1987] is compared with the velocity profile coming from tomographic inversion. In order to render acoustic velocity at the seismic resolution scale, we scaled the original well log data by averaging velocity [Backus, 1962] . There is a fairly good agreement between trends which makes us confident in the inversion results. Figure 11b also shows that P wave velocity logs indicate a stronger reversal compared to S velocity which, in turn, is ultimately responsible for the decrease in the V p /V s ratio. This implies that P wave velocity reversals are further enhanced by the presence of gas in addition to that by fracturing. The latter, under the hypothesis of overpressure, affects both P wave and S wave velocities. Also, histograms mapping earthquake occurrence at depth (Figure 11b) show that earthquakes mainly occur both at the top of reversal trends and within the low V p /V s .
[37] On the basis of the results discussed above, we are confident in interpreting the low V p /V s anomaly occurring at 4 km depth beneath the center of the caldera and below the reversal velocity zone as evidence of overpressured gasbearing rocks at supercritical conditions (temperatures of $400°C were reported in the San Vito well at 3 km depth [Agip, 1987] ). In contrast, as proposed by Aster and Meyer [1988] , the shallower higher V p /V s anomaly at 1 km suggests the presence of rocks containing brine probably due to steam condensation as a result of lower temperatures measured at shallow depth [Agip, 1987] .
[38] We emphasize that our results may also provide an explanation for data reported by Ferrucci et al. [1992] and Lorenzo et al. [2001] , who interpreted the P-S conversion and the low Q p as being due to the presence of a magmatic reservoir.
[39] The decrease of Q p for seismic waves has often been interpreted as being a function of temperature. This is supported by laboratory data gathered in the temperature range between 600°C and 1280°C both at seismic (0.1 -10 Hz) [Kampfmann and Berckhemer, 1985] and at higher frequencies (from 60 kHz to 1 MHz) [Mizutani and Kanamori, 1964; . However, these decreases occur just below the solidus and upon melt formation. In addition, as previously stated, an increase of V p /V s to infinity accompanies the Q p decrease upon melt formation [Mizutani and Kanamori, 1964] .
[40] On the other hand, at lower temperatures, the variation of Q p seems to be dominated by mechanisms related to fluid saturation and phase changes [Bourbié et al., 1986] . Decreases of Q p have been reported in porous rocks as being caused by partial saturation (i.e., gas-liquid mixture) [Winkler and Nur, 1979; Mavko and Nur, 1979] and by fluids at supercritical temperature [Ito et al., 1979; DeVilbiss Munoz, 1980 ; Ponko and Sanders, 1994; Sanders et al., 1995]. Accordingly, Sanders et al. [1995] interpreted the low V p /V s ratio and the low Q p inferred from the inversion of microearthquake travel times in the Long Valley Caldera as being due to the presence of rocks containing gas. Therefore we argue that both the low Q p reported by De Lorenzo et al. [2001] beneath the CF Caldera and the low V p /V s ratio reported in this study document the presence of cracked rocks containing supercritical fluids below 3 km. Furthermore, a correlation between a low V p /V s ratio and P-S converted phases has been reported by Cerda [2001] in the Teal South Field, Gulf of Mexico. Yet, results constrained by well data documented the presence of gas formations as being responsible for the above mentioned signatures. We emphasize that in the Bay of Pozzuoli, Ranieri and Mirabile [1991] reported discontinuous highamplitude reflectors on seismic reflection lines at $3.5 km depth which locally show bright spot features.
Conclusions
[41] At shallow depth, we found similar velocity trends to those reported in the previous tomographic study of Aster and Meyer [1988] . However, our augmented database allowed an improved resolution of the tomographic images at depths between 4 km and 5 km where we found an anomalously low V p /V s ratio.
[42] The retrieved V p /V s anomalies at CF were interpreted by effective medium modeling for site-relevant rocks and were compared with previous studies [Ito et al., 1979; Dvorkin et al., 1999b] to investigate the role of mechanisms related both to the gas/liquid transition and to overpressured fluids. Modeling of rock physical properties as well as the reversal trends encountered along velocity profiles led us to interpret the low V p /V s anomaly at 4 km depth as the top of formations enriched in gas under supercritical conditions. Reversal trends gather in the center of the caldera and imply a localized pressure source as suggested by the narrow-bell shape of the recorded displacement (see the map view of the recorded uplift in Figures 1 and 11a) . The signature of a low V p /V s ratio at 4 km depth excludes the presence of melted rocks at 4 km as such a presence would require high V p /V s ratios. The absence of melt formations down to 4 -5 km depth is also in accordance with the results reported by Zollo et al. [2003] .
[43] The analyzed data set of the 1982 -1984 crisis showed that earthquake locations are mostly distributed on the top of velocity reversals and within the low V p /V s anomaly. Since these signatures were interpreted as being caused by gas under supercritical conditions, we speculate that seismicity might be induced by overpressured fluids. However, no specific seismicity analysis were made with regard to this issue. Nevertheless, a phenomenological correlation among (1) uplift rate, (2) seismicity and (3) increase of the H 2 O/CO 2 ratio in fumaroles as a function of time is noted in the CF Caldera [Chiodini et al., 2001 [Chiodini et al., , 2003 . Such a correlation suggests that the observed phenomena may have a common origin.
[44] Episodical self-sealing processes inducing transient fluid pressure effects may represent significant mechanisms in inflating calderas. Batzle and Simmons [1977] emphasize that hydrothermal systems are active environments where permeability destruction due to mineral precipitation, crack healing, and sealing competes with permeability creation due to the fracturing processes. Permeability destruction may even overwhelm crack creation by rapidly generating caprock formations through these hydrothermal self-sealing processes [Facca and Tonani, 1967] . Furthermore, theoretical modeling [Sleep and Blanpied, 1994] showed that both the creation of microcracks during earthquakes in hydraulically clogged fault zones and the following compaction, might lead to cycles of high pore fluid pressure along faults. These results support models which have been proposed to describe the hydromechanical behavior of fault zones, namely the fault valve model [Sibson, 1992] .
[45] A correlation between earthquake swarms, low V p /V s anomalies and CO 2 emissions is also known from other calderas, such as Long Valley Caldera [Farrar et al., 1995; Sanders et al., 1995; Hill et al., 1990] and Yellowstone [Husen et al., 2004] . In the CF Caldera, the gas origin (e.g., deep flooding or in situ production), as well as the mechanisms responsible for their storage and the consequent overpressure, still remain open questions and hence a matter of speculation. However, the presence of self-sealing processes in the CF Caldera [Chelini, 1984] which are fast enough at hydrothermal conditions [Smith and Evans, 1984; Summers et al., 1978] might account for fluid pressure generation. Regarding the origin of gas, an enhanced flooding of fluids caused by degassing from a deeper magmatic reservoir has been suggested by Chiodini et al. [2003] . However, we emphasize that CO 2 production promoted by decarbonation reactions [D'Amico et al., 1987; Rosi and Sbrana, 1987] which occur in carbonate rocks under high temperatures (T ! 300°C) may be as likely. The evidence of a carbonatic basement reported by Zollo et al. [2003] as well as the recovery at $3000 m depth within the thermometamorphic basement of tuffites having a carbonatic matrix [Chelini, 1984] , might support this hypothesis.
[46] Our results from the CF Caldera show strong similarities with those reported in other volcanic areas suggesting that storage of supercritical fluids at depth has to be tracked to monitor the caldera activity and to prevent risks.
[47] With respect to the future state of activity in the CF Caldera and on the basis of fluid-induced seismicity, the progress of seismic tools in characterizing reservoirs makes a strong case for time lapse tomography in this active volcanic area in order to track gas front movements and to monitor flooding processes coming from deeper sources.
